Experience has shown that successful cardio-pulmonary bypass depends upon an efficient oxygenator which causes minimum blood damage. Experience with 1,600 Lande'-Edwards membrane oxygenators in more than 1,000 patients has led to the development of a simple and safe routine for their use in open heart surgery. The circuitry, method of preparation for perfusion, and management of per fusion are described in detail.
INTIWDUCTIOK
The membrane oxygenator is superior to conventional oxygenators because a large bloodgas interface is eliminated. The resulting reduction in damage to blood and in the risks of prolonged perfusion, together with safety and simplicity in use, small priming volumes and reliable gas exchange, have led to its increasing acceptance (Lee et al. 1961 , Vervloet et al. 1970 , Carlson et al. 1973 , Wright et al. 1973 , Fisk et al. 1974 .
In the Lande' -Edwards membrane oxygenator, blood contact is limited to silicone rubber and a polycarbonate blood distribution manifold. Unlike other types of membrane (}xygenators, no screens or cones are incorporated. This paper describes our methods of using more than 1,600 Lande' -Edwards* lungs for cardio-pulmonary bypass in 200 children and 800 adults. Particular emphasis is placed on the practical aspects of its use within conventional perfusion systems. The technique described has been used also for partial respiratory support and recently total heart lung bypass with hypothermia for surgicai correction of cerebral aneurysms. PERFUSION CIRCUITRY Various circuits have been used for total body perfusion with the Lande'-Edwards lung. A primary consideration has been to avoid excessive pressure within the lung, which should not be influenced by the arterial line pressure. In our early experience (Fisk et al. 1972) , 26 patients were perfused with the recirculation system first described by Lande' et al. (1969) . Subsequently, we have modified the gravity drainage system originally described by Baffes, Patel and Jehathesan (1972) .
In our current circuit (Figures 1 and 2) , venous blood flows directly into the membrane lung (or lungs) placed 75 cm below the heart. A reservoir, placed 25 cm above the lung outlet, receives the oxygenated blood. From it, the blood is directed to the patient by a roller pump through a heat exchanger and bubble trap. Cardiotomy suction blood and priming solution are introduced to the venous line of the system via a Harveyt cardiotomy reservoir and 40 mircon Barriert filter. This circuit differs from that described by Baffes et al. (1972) and Carlson et al. (1973) in the derivation of the recirculation line and the direct communication between the reservoir and the venous line. A supplementary reservoir is used to store surplus blood during perfusion, particularly during hypothermic arrest procedures. This is returned to the patient during the post-arrest and post-bypass period as required.
We have adopted the gravity drainage system because it is safer and simpler in operation than recirculation and gas exchange is not significantly impaired. One less pump is required and the perfusate is exposed less often to the membrane surface. Priming volume is slightly reduced. In any multichannel lung, gas eradication is a problem. The gravity drainage system offers two trapping points for gas, one in the arterial reservoir and the other in the bubble trap.
The Lande'-Edwards Membrane Oxygenator is available in surface areas of one, two and three square metres, with priming volumes of 180, 240 and 500 ml respectively. The criteria we use for selection of membrane oxygenators and relevant connections for bypass are shown in Table 1 .
PRIMING OF CIRCUIT
Because of the particular importance of removing all gas bubbles from the blood channels of the membrane oxygenator, the technique is described in detail.
Occluding clamps are placed on the arterial line between the origin of the recirculation line and the bubble trap, on the connecting line )'---.. --between the venous line and the reservoir, and on the venous line on the patient side of the junction with the re circulation line. The supplementary reservoir is clamped off at all times except when draining the arterial reservoir (Figure 2 , I). The system is filled with 5% dextrose in water via the cardiotomy suction filter until the reservoir is half-filled. The arterial pump then circulates fluid through the lung via the i"ecirculation line at approximately 1 litre/M2 of the membrane area/minute, while the oxygen flow is maintained at 2 litres per minute. This recirculation is continued for at least five minutes. The pump flow is then reduced and the circuit is drained through the line leading to the supplementary reservoir. This procedure adequately elutes the sodium chloride powder added during manufacture to prevent membrane adhesion.
The system is then refilled with 5% dextrose in water to which is added 25 grams of human serum albumin (Carlson et al. 1973) ----------------I""""II""""II""""II""""I,....,I""""II""""II""""II""""II""""IMMMMMM o 0 C'l C'l ~ ~ ~ eo 00 00 0 0 ~ ""i'I ~ (,0 1""""1..-11""""11""""1 1""""1 1""""1 1""""11""""1..-1 1""""IC'1C'1G'lC'11!'1C'1 1""""IC\1 M~ lO~ ~ 00 mo C'l ~ <:0 00 OC'l 60000066 6 ~ ~ ~ ~ ~ d-l ~ then each membrane lung is percu,.;sed heavily on all sides until the flow of bubbles from the blood exit port ceases. If two or three lungs are being used in parallel, it is convenient to treat each independently while temporarily occluding flow to the others. The arterial outlet from each lung is occluded repeatedly until the level in the reservoir falls by approximately 75 ml and then released. This manoeuvre pressurizes the lung and compresses the membrane into the capillaries. \Yhen the pressure is released gas bubbles are expelled. These procedures are repeated until the flow of bubbles from the lung ceases. Bubbles are eradicated from the tubing and heat exchanger in the usual manner. The system can be primed at this stage or after the connection of the arterial and venous lines. If priming is delayed, the dextrose and albumin is recirculated 200 ml/minute. To prime, the recirculation flow is ceased and whole blood is added to the circuit. Great care is necessary to avoid gas inclusion during this phase. As blood is added, excess fluid is drained from the circuit via the supplementary reservoir outlet in order to achieve the required degree of haemodilution. The contents of the circuit are recirculated and the temperature brought to the temperature of the patient at the commencement of bypass.
FILLING THE ARTERIAL AND VENOUS LINES Pumping i::; ceased. The recirculation line is occluded near the junction with the cardiotomy line and clamps are removed from the arterial line and from t he direct line between the venous line and arterial reservoir (Figure 2, Il) . The bubble trap, arterial line and venous line are then ~lled, the displaced gas entering the reserVOlr.
U:-':DILVTED BLOOD PRIMING
If an undiluted blood prime is required (as for neonatal perfusion), the fluid in the tubing and heat exchanger is removed. A clamp is placed between the junction of the cardiotomy and re circulation lines and their connection to the venous line (Figure 2 , Ill). The cardiotomy system is filled with blood. By reversing the arterial pump, the fluid is displaced by blood into the arterial reservoir from which it can be drained. The additional occluding clamp is removed and the arterial and venous lines filled as described above.
When priming of all components is completed, venous and arterial lines are occluded and the perfusate is circulated slowly through the recirculation line until bypass is required (Figure 2, IV) . Prime constituents are shown in Table 2 .
CONDUCT OF PERFUSION
Bypass is commenced in the usual manner. The recirculation line is clamped and the clamps are removed from the arterial and venous lines (Figure 2, V) . It should be borne in mind that, unlike other oxygenating devices, the membrane lung can be affected by gas embolization and this will impair performance. For this reason, the connection of the venous line to the caval cannulae must be made with great care to avoid inclusion of air. If such does occur inadvertently, the air can be diverted into the reservoir before entering the oxygenator. It is therefore necessary that the clamp occluding the direct line between venous line and arterial reservoir be placed close to the reservoir so that the line will act as a bubble trap.
At the end of cardio-pulmonary bypass, clamps are placed on the venous line, the cardiotomy line, that joining the venous line to the arterial reservoir and on the arterial line between the recirculation line and the bubble trap (Figure 2, VI) . The outlet of the arterial reservoir is elevated and the contents of the circuit and the lungs transferred by the arterial Anaesthesia and Intensive Care, Vol. V, No. 2, May, 1977 pump to the supplementary reservoir. This can be returned to the patient during the postoperative period.
The perfusate is oxygenated with a gas mixture of oxygen and carbon dioxide to achieve a PaC0 2 of 40 mm Hg. During perfusion, oxygen only is used above 30°C. Below 30°C Carbogen (5% carbon dioxide in oxygen) is added. The gas flows recommended by the manufacturer are 2-3 litres/minute for the 1M2 unit and 6-9 litres/minute for the 3M2 unit. In our experience gas flows of 2 litres/minute for 1M2 unit and 6 litres/minute for 3M2 unit are adequate. Increased gas flow has not resulted in increased oxygen transfer but has been employed during long perfusions to prevent the improbable hazard of condensate formation. The manufacturer's recommendations to pass high blood flow rates through the oxygenators for 15 seconds each hour, has been followed only when units have been used in parallel. This has been accomplished by passing the total flow through one unit for a period of 15 seconds. We have not observed membrane atelectasis during any perfusion. A halothane vaporizer has been used in the circuit without causing any apparent damage to the membrane and with clinical effect. 
COMPLICATIONS
Membrane rupture, revealed by a thin line of blood seen between the lung plates, occurred in 80% of units when pump recirculation was employed. It has been seen in only 10% of lungs using gravity flow systems. In only 2% of lungs did the original leak progress until it was visible in the gas manifold and only very occasionally has blood been seen in the gas exit port. In no case was gas transfer impaired or resistance to gas or blood flow through the membrane lung increased.
DISCUSSION
The washout technique achieves almost total elimination of sodium chloride and the membranes are coated with human serum albumin in an endeavour to reduce adhesive trauma to blood platelets (Carlson et al. 1973) . The origin of the recirculating line on the pump side of the bubble trap prevents gas in the venous line having access to the arterial line. This can be a hazard following completion of bypass when intermittent transfusions are given to the patient and recirculation used between infusions. The origin of the re circulating line from this point also makes possible elution of washout when an undiluted blood prime is used. The direct communication between the venous line and the arterial reservoir allows the arterial and venous line to be filled rapidly without introducing gas to the membrane lung. More than 1,600 Lande'-Edwards membrane lungs have been used in the Department of Cardio-Thoracic Surgery at Prince Henry HospitaL Lung faults have been negligible. Using the circuit described and method of preparation, the system is simple and preparation is not time consuming. We have concluded that the size and number of lungs suitable for different patients are those shown in Table 1 . The described circuit has also been used for partial perfusion for respiratory support. The membrane lung has been simple to use, satisfactory in function and free from serious complications in clinical use.
ADDENDUM
Since preparation of this manuscript, some blood leakages have been observed from both the blood and gas manifolds entering and leaving the membranes. No loss of efficiency of the lung has resulted. Gas embolization is not a hazard due to the pressure gradient from blood to gas compartments.
